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ABSTRACT 


When  the  tlme-of-flight  principle  is  applied  to  isotope  separation 
in  a  magnetic  field,  a  separatlon-in-tlme  is  obtained  which  depends 
directly  tq»on  the  difference  in  isotopic  masses.  Modulation  of  the  ion 
beam  is  necessary  for  collection  of  separated  isotopes.  The  relative 
merits  of  intensity,  direction,  and  energy  modiilation  are  discussed, 
Separati<»i  of  uranium  isotopes,  with  low  enrichment,  was  achieved  by 
energy  modulation.  The  cyclorator  is  found  to  have  the  same  fundamental 
limitations  as  the  calutron,  the  most  significant  being  loss  of  resolu” 
tlon  with  increased  throu^dip^t* 


INTRODUCTION 
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The  early  atten^^ts  to  separate  uranium  isotopes  by  electromagnetic  means 

were  based  upon  both  separation- in-space  and  separation-in-time  principles. 

The  former  principle,  as  applied  in  the  mass  spectrograph,  was  used  by  Nier 

in  preparing  the  first  enriched  isotopes  of  uraniumo  From  the  mass  spectro- 

graph,  Lawrence  then  developed  the  larger  instrument,  the  calutron,  used  in 

the  Electromagnetic  Plant  (y-12)  for  production  of  the  first  usable  quantities 

of  the  fissionable  isotope  U  235*  The  separation  of  uranium  isotopes  by  means 

3 

of  a  linear  time-of -flight  machine,  the  isotron,  had  been  achieved  by  Smythe 
but,  due  to  the  early  success  of  the  calutron,  development  of  the  isotron  was 
discontinued. 

In  the  calutron,  a  180®  mass  spectrograph,  isotope  separation  is  possible 
because,  in  a  magnetic  field,  ions  of  greater  mass  travel  in  orbits  of  greater 
radixis;  the  distance  separating  two  isotopes  at  the  l80®  position  depends  upon 
the  difference  in  the  square  roots  of  their  masses.  The  linear  time-of -flight 
machine,  the  isotron,  utilizes  the  fact  that,  when  accelerated  to  the  same 
energy,  lighter  i03as  travel  faster;  the  time  interval  separating  the  arrival 
of  two  isotopes  at  the  collector  depends  upon  the  difference  in  the  square 
roots  of  their  masses  exactly  as  does  the  space  separation  in  the  calutron. 

The  effects  of  differences  in  orbital  radius  and  ion  velocity  are  conoObined 
in  a  new  way  when  the  principle  of  time-of -flight  is  applied  to  ions  moving  in 
a  uniform  magnetic  field.  If  ions  traverse  a  360®  orbit  all  isotopes  return  to 
their  common  origin  but  the  lighter  ions  travel  faster  an4  follow  a  shorter  path. 

Tl  Nier,  A#  0#,  et  al.,  ^Nuclear  Fission  of  Separated  Uranium  Isotopes," 

Phys  Rev  $7^  p.  5^6,  March  I5>  19^0. 

2.  Smythe,  H.  D.,  Atomic  Energy  for  Military  Purposes ^  Princeton  Unlv.  Press, 

19^8. 

3.  Ibid. 
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Under  these  conditions  the  separation  in  time  between  two  isotopes  depends 
directly  upon  the  difference  in  their  isotopic  masses,  rather  than  upon  the 
difference  in  the  square  roots  of  their  masses.  !E‘his  time-of -flight 

separator  is  called  a  ”cyclorator.”  Isotope  separation  is  obtained  by  modu¬ 
lating  both  the  ion  source  and  the  collector  and  then  adjusting  the  phase 
relationship  in  such  a  manner  as  to  collect  the  desired  isotope  and  to  reject 
those  undesired. 

A  preliminary  examination  of  the  cyclorator  suggested  that  it  possessed 
several  other  possible  advantages  over  the  calutrons 

1.  !Hie  quality  of  beam  focus  at  36O®  for  the  cyclorator  sho\ad  not  be 
affected  by  the  angular  width  of  the  beam  at  the  source.  For  a 
calutron  beam  well-focused  at  the  I80®  point  the  angular  width  of 
the  beam  at  the  sotirce  must  be  limited. 

2.  In  the  cyclorator  the  ions  are  decelerated  before  they  are  collected 
thus  less  power  from  the  high  voltage  supply  should  be  required. 

3.  The  time- of -flight  of  ions  of  a  given  mass  arriving  at  a  36O®  collec¬ 
tor  of  the  cyclorator  is  independent  of  energy;  the  stability  require' 
ments  for  the  ion  source  then  should  be  greatly  relaxed. 

In  continuation  of  a  policy  of  investigating  alternate  electromagnetic 
methods  for  the  separation  of  heavy  isotopes,  a  program  of  eiqperimental 
development  and  evaluation  of  the  cyclorator  was  undertaken. 

The  proposal  that  this  method  be  investigated  originated  at  the  Radiation 
Laboratory  of  the  University  of  California  and  preliminary  experimental  work 
was  conducted  there  for  approximately  a  year.**'  Late  in  19^8  work  on  this 
project  was  undertaken  at  Y-12  where  actual  performance  tests  were  con^leted 
during  the  following  year.  5^8, 7>8  1950,  it  was  brought  to  the 


4.  UCRL-167 

5.  Y-378 

6.  Y-it'45 

7.  Y-495 

8.  Y-^h8 
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attention  of  the  Oak  Ridge  group  that  the  time-of -flight  principle  used  in  the 
cyclorator  had  been  described  as  early  as  19^2  in  a  patent  application  by 
Cyril  E*  McClellan,  No.  46984?,  December  22,  1942.  It  should  be  emphasized 
that  the  work  in  Oak  Ridge  was  completed  without  knowledge  of  the  McClellan 
application  and,  insofar  as  physical  implementation  of  the  principle  is  con¬ 
cerned,  bears  no  resemblance  to  the  device  described  therein. 

The  purpose  in  preparing  this  report  is  to  bring  together  information 
to  support  the  conclxxsion  that  the  cyclorator  can  be  used  for  the  separation 
of  heavy  isotopes  but  that  it  is  subject  to  the  same  basic  limitations  as  the 
calutron. 


4* 


BASIC  PRINCIPLES 


I*he  theory  and  physical  principles  of  isotope  separation  by  the 
time-of -flight  method  are  reviewed  in  this  section  o  In  addition  to  pre¬ 
senting  illustrative  numerical  examples,  the  concepts  of  modulation  and 
collection  of  ion  beams  are  discussed*, 

The  radius  of  circular  motion  of  an  ion  in  a  region  of  uniform  field 
intensity  is  given  by 

c  IsmV 
=  H 

where  e  and  m  are  the  charge  and  mass  of  the  particle,  V  is  the  potential 
difference  through  which  the  ion  has  been  accelerated,  £  is  the  velocity  of 
light,  and  H  is  the  magnetic  field  intensity*  This  fundamental  equation 
of  the  mass  spectrograph  and  the  calutron  demonstrates  that  ions  of  common 
energy  but  having  masses  m^^  and  mg  are  separated  in  space  by  a  distance 

A  d  -  -^mi) 

at  the  180®  point  of  their  circular  orbit*  If  the  ions  are  allowed  to 
con^lete  the  circular  path  they  arrive  at  their  source  vith  no  separation 
in  space* 

A  working  equation  applicable  also  to  the  time-of-flight  method  gives 
the  beam  radiiis,  r,  in  inches,  V  in  kilovolts,  e  in  electronic  charges,  m 
in  atomic  mass  units,  and  H  in  kilo-oersteds; 


The  transit  time  or  period  of  the  circular  motion,  however,  depends  on  the 

mass*  Generally,  the  time  required  for  an  ion  to  go  throiogh  0  radians  is: 

9 

where  6J  =  —  is  the  ionic  angular  velocity*  In  the  special  case  of  a 
me 

complete  circle,  9  =  Sjt  and 


9 


The  difference  in  time  for  ions  of  masses  and  to  return  to  the  point 
(or  line)  of  projection  is  thus 


a  quantity  independent  of  the  ion  energy. 

The  time- of -flight  method  of  isotope  separation  is  based  upon  this  time 
interval  which  depends  upon  the  mass  difference  between  the  isotopes  rather 
than  the  difference  between  the  square  roots  of  their  masses#  If  it  is  assumed 
that  spatial  and  time  effects  can  be  equally  well  resolved,  there  should  be  an 
advantage  in  the  360®  time-of -flight  method  of  approximately  a  factor  of  two 
for  the  separation  of  uranium  isotopes^  as  coaqpared.  with  the  calutron# 

A  convenient  working  formula  for  the  cyclorator  giving  the  transit  time 
for  a  360®  orbit  is 


T  =  652  5  microseconds 
li 

for  a  singly-charged  ion  of  m  atomic  mass  units  in  a  field  intensity  H 
oersteds,  A  similar  relation  obtains  ^  in  terms  of  For  example,  the 

period  of  a  U  238  ion  in  a  field  of  66OO  oersteds  is  23*5  microseconds  and 
the  difference  in  period  for  the  U  235  and  U  238  isotopes  is  0,296  micro¬ 
seconds,  This  time  difference,  implies  a  displacement  in  position  near  the 
360®  point  for  two  ions  leaving  a  source  at  the  same  instant,  approximated  by: 

AS  =  2:tr(AT/T) 

For  example,  if  the  ions  considered  above  were  accelerated  through  I8  kv, 
the  radixis  woxild  be  17»8  inches,  and  the  space  separation 

AS  *  2«(17o8)(0,296/23o5)  *  1*4  inches 
A  physical  mechanism  must  be  applied  in  order  to  take  advantage  of  this 
separation  in  space  and  time.  Basically  this  may  consist  of  a  periodic  vari¬ 
ation  of  some  characteristic  of  the  ion  beam  leaving  the  source,  such  e.s  the 
intensity,  the  initial  direction,  or  the  energy,  A  corresponding  analysis  of 
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the  beam  incident  on  the  36O'’  collector  must  be  provided.  The  simplest 
analysis  technique,  modulation  of  intensity,  is  used  here  to  compute  the 

proper  frequency  for  variations  of  this  type, 

suppose  that  a  periodic  potential  is  applied  to  an  accelerating  electrode 
of  the  ion  source  to  create  a  simple  half-wave  rectification  effect.  After 
traversing  their  circular  paths,  the  light  ions  in  the  original  pulse  are 
ahead  of  the  heavy  ions  in  space.  If  the  modulation  frequency  is  chosen 
correctly,  light  and  heavy  ions  will  be  completely  separated  from  each  other. 
Figure  lA  shows  these  relations  schematically.  The  necessary  relation  between 
the  modulation  angular  velocity  )  and  the  ionic  angular  velocity  (  )  is 

easily  derived  from  the  condition  that  the  peaks  of  intensity  in  time  of  the 
two  isotopic  beams  are  shifted  in  phase  an  amount  equal  to  180“  of  the  modu¬ 
lation  cycle  in  the  transit  through  36O"  of  angular  motion, 

61)5  AT  =  It 

In  terms  of  frequency  (for  the  case  of  a  6600  oersted  field), 

=  ■^  =  megacycles 

The  ratio  of  the  angular  velocities,  using  the  condition  63T  =  2it  is 

^3  «  T  «  -  39*667 

If  one  of  the  ions,  for  example  U  238,  is  to  be  periodically  reflected 
by  the  same  rf  potential  that  modulates  the  source,  an  integral  number  of  rf 
cycles  have  elapsed  by  the  time  the  ion  executes  360“  of  motion;  thus  an 
independent  relation  incompatible  with  the  frequencies  ratio  above  must  be  met 

=  n  (an  integer) 

Satisfying  the  latter  with  n  =  40,  the  nearest  integer  to  39.66?,  leads  to  a 
very  slight  mixing  of  isotopes  due  to  an  error  in  ion  phase  shift  of  1.5  • 
Strict  adherence  to  the  ideal  ratio  leads,  however,  to  an  error  in  reflection 
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corresponding  to  120°  phase  shift.  This  may  he  compensated  for  if  a  phase 
shifting  circuit  can  be  provided  between  the  source  and  collector. 

Direction  modulation  is  a  special  case  of  intensity  modulation.  The 
beam  is  given  a  velocity  coii5)onent  alternately  along  and  opposite  to  the 
direction  of  the  magnetic  field,  A  split  accelerating  electrode  may  be  used 
to  give  the  ions  this  motion.  The  spiraling  ions  break  into  the  U  235  and 
U  238  groups,  to  be  collected  at  opposite  ends  of  a  collector.  The  potentials 
on  the  two  portions  of  the  collector  are  l80°  out  of  phase  with  each  other, 
as  shown  in  Figure  IB, 

In  the  energy  modulation  method,  the  accelerating  potential  is  raised 
slightly  dizring  half  the  cycle  and  dropped  during  the  other  half.  On  arriving 
at  the  360°  point,  the  ion  groups  consist  of  U  235  and  U  238  ions  in  the  origi¬ 
nal  isotopic  proportions,  but  "tagged”  according  to  energy.  A  properly  phased 
potential  is  applied  to  the  collector  to  separate  the  desired  and  undesired 
isotopes.  Figure  1C  shows  the  energy-phase  conditions.  In  order  to  achieve 
the  maximum  efficiency  of  the  separation  process,  secondary  collectors  must 
be  provided  to  collect  the  rejected  ions,  as  described  in  a  later  section. 

In  the  beam  region  the  magnetic  field  must  be  very  unifom  in  order  to 
avoid  phase  shifts  between  the  ions  of  the  same  mass  on  arrival  at  the  col¬ 
lector.  If  the  average  magnetic  field  aro\md  the  orbit  of  one  ion  differs 
from  that  of  another  ion  by  an  amount  AH,  then  the  difference  in  arrival  times 
conrpared  with  the  total  transit  time  is  given  by 

AT  _  AH 
T  ~  H 

Since  there  is  a  phase  shift  of  l80°  for  AT/t  =  I/80,  the  fractional  deviation 
in  field  must  be  far  less  than  1$  to  prevent  ion  mixing.  For  exaiig>le,  to 
keep  the  phase  shift  within  15°,  the  average  field  for  one  orbit  must  be  the 
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same  as  that  for  the  other  within  0*1^.  Only  if  the  beam  is  of  small 
angular  divergence  can  this  requirement  be  eliminated*  In  that  case, 
assxmiing  the  U  235  and  U  238  ions  follow  their  respective  orbits  at  all 
times,  a  frequency  adjustment  can  be  made  to  counteract  the  effect*  The 
requirement  becomes  more  difficult  to  meet  if  energy  modulation  is  used, 
since  the  orbits  periodically  contract  and  expand  with  time* 

In  the  course  of  research  on  the  cyclorator  all  three  methods  have 
been  tested*  A  high  degree  of  intensity  modulation  was  found  possible  at 
Berkeley,  but  the  utilization  of  a  maximum  of  only  one  half  of  the  possible 
ion  source  output  by  this  method  led  to  the  consideration  of  the  other  two 
schemes  at  Oak  Ridge*  Becatise  the  direction  modulation  of  an  ion  beam  was 
found  to  have  energy  modulation  inherently  associated  with  it,  the  major 
emphasis  was  placed  upon  separation  by  the  energy  modulation  method* 
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THE  EXPERIMEMTAL  PROGRAM  AT  OAK  RIDGE 


The  e3q)erimental  program  at  Oak  Ridge  has  been  an  extension  of  the  work 
on  time-of -flight  separation  begun  at  Berkeley.  Of  the  various  methods  con¬ 
sidered,  it  first  appeared  that  the  direction  modulation  method  offered  the 
greatest  advantages  since  it  allowed  collection  of  the  desired  uranium  isotope 
dxiring  both  halves  of  the  cycle  with  a  reasonably  simple  collector  arrangement. 
As  experimental  results  were  obtained  and  combined  with  the  theoretical  investi¬ 
gations  it  was  concluded  that  the  energy-modulated  cyclorator  would  be  superior, 
at  least  for  the  initial  separation  tests.  Since  the  goal  of  the  Oak  Ridge 
program  was  to  devise  a  simple  separation  unit  that  could  be  integrated  with 
the  existing  facilities  with  a  minimum  of  time  and  effort,  the  original  designs 
made  use  of  the  basic  structure  of  the  Beta  calutron,  including  the  acceler¬ 
ating  eind  beam  power  supplies. 

Exploratory  Tests  of  Direction  Modulation 

It  was  shown  in  the  exploratory  tests  of  the  direction-modulated 
cyclorator  that  large  uranium  ion  currents  (50-100  ma)  comparable  to  those 
from  the  calutron,  could  be  measured  at  approximately  36O®  from  the  source. 

In  order  to  obtain  a  high  separation  factor  with  direction  modulation  it  is 
necessary  to  bring  the  beam  from  the  long  calutron  arc  to  a  spot  focus  at  the 
ion  collector.  Under  this  condition  sharp  variations  in  beam  intensity  will 
be  produced  when  the  beam  is  modulated  from  side  to  side.  This  requirement 
is  quite  analogous  to  that  for  good  resolution  in  a  cathode-ray  tube. 
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^he  electrode  arrangement  used  to  provide  the  focus  and  to  sweep  the 
emergent  ion  stream  from  side  to  side  consisted  of  a  "split  accelerating  slit" 
with  a  curved  leading  edge.  The  sections  of  the  electrode  differed  slightly 
in  potential^  which  served  to  give  the  ions  a  component  of  velocity  parallel 
to  the  magnetic  field.  Figure  2  shows  a  typical  set  of  electrodes  which  were 
used.  This  slit  system^  when  driven  by  a  time- varying  potential^  was  found  to 
produce  the  desired  modulation  of  the  position  of  the  beam  on  the  collector. 

A  subtle  difficulty  was  encountered,  however,  which  prevented  clean-cut  iso¬ 
tope  separation.  It  can  be  described  in  the  following  sequence  of  physical 
facts,  for  which  an  analysis  and  illustrations  are  given  in  the  Appendix. 

(a)  The  periodic  deflection  of  the  ion  beam  in  the  magnetic  field 
direction  is  accompanied  by  a  variation  in  the  component  of  beam  velocity 
that  determines  the  radius  of  circular  motion.  This  is  equivalent  to  saying 
that  there  is  an  energy  modulation  of  the  beam. 

(b)  The  principle  of  independence  of  time  of  flight  on  beam  energy  holds 
for  collection  at  the  360®  point  only.  If  ions  travel  less  than  36O®,  those 
of  low  energy  travel  a  shorter  angular  path  and  thus  require  less  time  to 
reach  the  collector  than  do  those  on  high  energy. 

(c)  Since  the  time  differences  that  allow  separation  are  small  in 
comparison  with  total  ion  transit  times,  the  pattern  of  arrival  times  of  ions 
of  different  masses  will  be  distorted  enough  by  the  above  effect  to  reduce 
the  enrichment  factor  sharply.  The  reason  that  the  energy  modulation  has  a 
large  effect  is  that  an  ion  executes  its  complete  path  dxaring  40  cycles  of 
the  impressed  rf  potential.  A  variation  of  angular  path  length  of  only  1/8O 
serves  to  shift  the  phase  of  arrival  of  ions  with  masses  235  and  238  by  I80® 
in  the  rf  cycle. 


ARC  CHAMBER 
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(d)  There  is  a  lower  limit  to  the  source  electrode  dimension  that  can 
still  provide  the  needed  direction  modulation  with  a  given  potential  variation. 
By  this  physical  limitation,  the  collector  can  thus  he  no  nearer  the  360^ 
point  than  the  distance  thus  prescribed.  Increasing  the  potential,  so  as  to 
reduce  the  required  angle  of  the  split  in  the  accelerating  electrode  intro- 
duces  more  energy  modulation  and  defeats  its  purpose.  (To  a  good  approxi¬ 
mation,  the  magnitude  of  direction  modulation  is  proportional  to  both  the 
electrode  dimension  and  the  modulating  potential.)  An  approximate  theoretical 
analysis  of  the  effects  of  tapered  and  split  accelerating  slits  on  direction 
and  energy  modulation,  and  the  effect  of  energy  modulation  on  isotope  separa¬ 
tion  is  given  in  the  Appendix. 

On  the  basis  of  the  above  difficulty  with  direction  mod\ilation,  it 
appeared  that  development  of  the  separator  along  the  lines  of  the  energy  modu¬ 
lation  method  would  be  preferable.  Since  there  wotild  no  longer  be  a  need  for 
thick  deflecting  electrodes,  collection  very  close  to  the  360®  point  could  be 
achieved  and  the  distortion  effects  caused  by  the  varying  beam  radius  would 
be  minimized.  Although  the  above  studies  were  valuable  in  the  design  and  oper¬ 
ation  of  later  equipment,  they  were  not  carried  to  the  point  where  actual 
separation  of  isotopes  was  atteiiq>ted. 

The  Energy  Modulation  Method 

In  the  preceding  discussion  it  was  shown  that  a  pa*cn  essentially  36O®  in 
length  is  necessary  to  minimize  the  dependence  of  transit  time  on  energy. 

A  cyclorator  unit  was  constructed  which  focused  and  spiraxed  the  beam  from 
short  arc  to  a  collector  mounted  beside  the  accelerating  slit  in  such  f 
that  the  beam  traveled  a  full  36O®  path.  With  this  improvement  the 
could  also  have  been  used  as  a  direction  modiilated  cyclorator. 
degree  of  focus  required  would  be  very  difficult  to  achieve,  thv 


used  only  to  study  energy  modulation.  Photographs  of  this  unit  are  shown  in 
Figure  3. 

The  placement  of  the  collector  beside  the  source  introduced  seriotis 
spatial  limitations  and  it  was  for  this  reason  that  many  mechanical  failures 
resulted.  In  particular,  the  coaxial  lead  to  the  collector,  which  was 
required  to  hold  dc  and  rf  potentials  simultaneously,  failed  repeatedly. 
Several  modifications  of  design,  made  in  an  attempt  to  reduce  the  available 
volume  for  oscillation  of  electrons,  were  only  partially  successful . 

To  provide  a  better  apparatiis  for  the  work  on  energy  modulation  a  new 
separation  unit  was  designed.  Figure  4.  This  equipment  was  similar  to  that 
used  at  Berkeley  in  their  cyclorator  experiments.  In  this  assembly  the  arc 
and  associated  components  were  at  ground  potential  while  the  accelerating  slit 
and  separation  region  (linear)  were  at  high  negative  potential,  as  in  Figures 
5  and  6,  The  collector  was  placed  so  that  the  angle  traveled  by  the  beam  was 

as  nearly  360°  as  possible,  actually  350“. 

Referring  to  Figure  5,  the  ions  are  accelerated  from  the  grounded  ion 
source  (l)  by  the  -30  kv  applied  to  the  accelerating  slit,  (2)  and  are 
decelerated  to  the  liner  entrance  slit  (3)  which  is  at  a  potential  of  -I8  kv 
plus  the  k  kv  radio-frequency  ccanponent.  Thus  the  ions  entering  the  liner 
have  an  energy  which  varies  with  time  at  the  frequency  of  the  potential 
applied  to  the  liner.  These  ions  travel  through  350“  orbits  and  retTrrn  to  the 
liner  exit  grid  (4)  where  they  are  decelerated  to  the  collector  (5)  through  a 
voltage  equal  to  the  difference  between  liner  potential  and  collector  poten¬ 
tial.  This  difference  in  potential  has  an  rf  component  because  the  liner 
exit  grid  is  at  liner  potential.  If  the  freqiiehcy  ofjithe  liner  lybitage 
is  ad juste.  've  the  proper  phase  relationships  at  the  collector,  separa¬ 

tion  will  be  obtained  between  the  U  238  ions  and  the  U  235  ions. 
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FIGURE  3.  ENERGY- MODULATED  CYCLORATOR 


FIGURE  4.  CYCLORATOR  WITH  GROUNDED  SOURCE 
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FIGURE  6.  ENERGY  MODULATION,  POWER  SUPPLIES 
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It  should  be  noted  that  the  collector  arrangement  used  in  these  experi¬ 
ments  is  capable,  even  under  conditions  of  ideal  time  resolution,  of  extracting  no 
more  than  half  of  the  desired  isotope.  Separation  of  the  reflected  remainder 
could  be  achieved  by  the  use  of  two  additional  collectors.  A  possible  arrange¬ 
ment  and  the  relations  of  ion  energies  to  collector  potentials  are  shown  in 
Figure  Y*  By  Inspection  of  the  graphs,  it  may  be  seen ‘that  half  of  the  U  235 
should  be  taken  out  at  collector  almost  all  of  the  U  238  removed  at  EgJ 
and  the  rest  of  the  U  235  collected  at  E^.  Since  the  ions  make  only  a  quarter 
of  a  revolution  in  space  between  Ej^  and  Egj  there  would  be  a  14-5  phase  shift 
resulting  in  a  contamination  that  reduces  the  inpoverishment  factor  in  collec¬ 
tor  Eg  from  the  ideal,  infinity,  to  a  maximtim  of  approximately  16. 

Deceleration  and  Collection 

The  collector  design  for  the  cyclorator  was  greatly  complicated  by  the 
requirement  that  its  thickness  be  small  while  maintaining  high  material 
retentivlty.  The  collector  was  I/2"  thick  in  the  direction  of  the  incoming 
beam  and  material  retention  was  provided  for  by  a  series  of  l/64"  thick  carbon 
plates  placed  to  foim  pockets  at  an  angle  of  15*  "to  the  normal.  Wear  caused 
by  sputtering  was  negligible  both  because  of  the  very  low  particle  energy  and 
the  low  current. 

The  collection  system  used  with  the  energy  modulation  requires  that  the 
beam  be  decelerated  from  its  original  energy  to  a  value  as  low  as  possible 
and  collected  at  this  energy.  It  follows  that  large  power  savings  are  possi¬ 
ble  becatise  of  the  reduction  in  current  through  the  high  voltage  liner  supply. 
For  effective  use  in  the  cyclorator  the  deceleration  system  must  possess  a 
sharp  break  in  the  characteristic  of  the  ion  current  vs  collector  voltage. 

The  ideal  deceleration  characteristic  would  be  that  shown  in  Figure  8a,  which 
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FIGURE  7.  PROPOSED  MULTIPLE  COLLECTOR  SYSTEM 
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requires  that  the  particles  enter  the  deceleration  gap  normal  to  the  equi- 
potential  siirfaceSc 

In  the  device  actually  used  the  ions  have  an  angular  distribution  upon 
arriving  at  the  collector  and  are  fiirther  deflected  as  they  pass  near  the 
grid  wires o  If  the  collector  potential  is  varied  Tinder  the  above  conditions 
the  curve  will  be  similar  to  that  given  in  Figure  8b.  The  lack  of  sharpness 
is  caused  by  the  distribution  of  ion  velocities  in  the  direction  of  deceler¬ 
ation  of  a  beam  having  an  angular  distribution  and  further  by  the  non-uniformity 
of  the  electric  field  near  the  grid. 

The  characteristic  can  be  much  improved  by  curving  the  deceleration  grid 
and  collector  so  that  the  ions  enter  perpendicularly  to  the  equipotential 
surfaces.  The  requirement  that  the  transit  time  from  source  to  collector  be 
the  same  for  all  angles  of  the  distribution  is  also  better  satisfied  with  a 
curved  collector. 

In  early  tests  of  the  deceleration  system  with  the  collector  nearly  at 
ground  potential^  negative  current  was  metered.  This  current  masked,  to  a 
large  extent,  any  variations  in  the  positive  ion  beam  received  when  the 
frequency  was  varied.  In  order  to  study  this  effect,  the  ion  collector  was 
placed  within  a  Faraday  cage  in  such  a  manner  that  its  potential  with  respect 
to  the  cage  could  be  varied.  It  was  found  that  potential  differences  as 
high  as  600  volts  had  no  appreciable  effect  on  the  negative  current  and  thus 
it  was  presumed  that  the  particles  originated  near  liner  potential.  It  was 
proposed  that  this  current  consisted  of  negative  ions  produced  in  the  oscil¬ 
lating  regions  where  the  decelerating  field  penetrates  between  the  grid  wires 


into  the  liner. 
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Two  changes  were  made  in  the  geometry  of  the  decelerating  system  based 
upon  the  assumption  that  negative  ions  were  being  collected.  The  gradient  was 
reduced  by  increasing  the  deceleration  gap  and  the  grid  wires  were  arranged 
parallel  to  the  magnetic  field  to  reduce  the  effect  of  the  penetrating  poten¬ 
tial.  These  changes  resulted  in  a  decrease  of  the  negative  current  from  4  ma 
to  0,5  ma.  Figure  9  shows  collector  characteristics  obtained  before  and  after 
the  geometry  was  modified. 

The  Radio  Frequency  System 

Radio  frequency  voltage  was  provided  by  a  conventional  tuned  plate 
oscillator  utilizing  two  water-cooled  GL  434  A  triodes  in  parallel.  The 
tuned  circuit  consisted  of  a  tapped  inductance  which  paralleled  the  capacity 
of  the  liner  to  ground*  Fine  frequency  adjustments  were  made  by  means  of  a 
50-200  jiftf  variable  vacuum  capacitor  across  the  inductance,  while  large  fre¬ 
quency  changes  were  made  by  changing  taps  on  the  inductance o  A  schematic 
diagram  of  the  oscillator  is  given  in  Figure  10* 

Operation  Techniques 

The  techniques  used  in  the  operation  of  a  time-of -flight  separator 
naturally  differ"  radically  from  those  of  the  calutron*  In  the  series  of 
experiments,  a  ntuober  of  observations  were  made  that  led  to  the  most  favor¬ 
able  monitoring  of  the  system »  During  the  startup  period,  while  a  stable  arc 
is  being  obtained,  the  bias  potential  on  the  collector  is  raised  above  its 
normal  value  in  order  to  reject  all  ions  *  Figure  11  gives  a  typical  character 
istic  of  U  238  collector  current  vs  frequency*  For  low  U  235  concentration 
in  the  feed  material,  0*7?t,  the  criterion  for  U  235  enrichment  is  that  of 
obtaining  a  current  minimum,  and  for  U  235  depletion,  a  current  maximum* 
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FIGURE  9.  EFFECTS  OF  COLLECTOR  MODIFICATION 
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FIGURE  II.  EFFECT  .  OF  MODULATION 
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Unlike  the  calutron,  the  beam  energy  need  not  be  adjusted  accurately  because 
the  focus  is  independent  of  -energy . 

The  arc  conditions,  as  in  the  calutron,  are  critical  to  the  extent  that 
if  the  arc  current  is  increased  beyond  a  certain  point  no  evidence  of  separa¬ 
tion  can  be  noted.  This  situation  appears  to  be  similar  to  that  of  beam 
"blow-up"  (loss  of  focus)  in  the  calutron.  In  the  range  where  separation  is 
achieved  the  arc  conditions  appear  to  affect  only  the  output  and  not  the  reso¬ 
lution. 

The  bias  potential  is  important  in  that  it  affects  both  the  collection 
efficiency  for  the  desired  ions  and  the  enrichment  factor.  Theoretically,  a 
portion  of  the  ions  will  be  collected  at  any  dc  collector  voltage  less  positive 
than  twice  the  rf  voltage.  Placing  the  collector  at  a  voltage  more  positive 
than  ground  gives  more  efficient  rejection  of  the  undesired  isotope  and  reduces 
the  time  of  collection  of  the  desired  isotope  to  less  than  l/2  of  each  rf  cycle 
The  result  of  this  mode  of  operation  is  the  collection  of  a  smaller  saa^le  of 
more  highly  enriched  material.  The  gain  in  enhancement  is  not  without  sacri¬ 
fice,  however,  both  because  the  efficiency  is  reduced  and  because  it  would  be 
difficult  to  further  separate  the  beam  reflected  from  this  collector. 

Isotope  Separation  Tests 

Pour  isotope  separation  tests  were  completed.  Runs  1  and  2  were  made  at 
an  average  beam  energy  of  l8  kev.  It  was  discovered  that  this  energy  placed 
the  beam  in  a  region  of  rather  severe  magnetic  field  non-uniformity.  To  mini¬ 
mize  this  cause  of  low  enrichment  the  beam  energy  was  decreased  to  12  kev 
where  the  magnetic  field  was  relatively  uniform  over  the  beam  path.  Run  3, 
at  the  low  beam  energy,  was  very  unsteady  which  accounted  for  the  low  enrich¬ 
ment.  In  Runs  1,  2,  and  3  the  enrichment  of  U  238  was  sought.  In  contrast. 
Run  was  operated  to  give  a  sample  enriched  in  U  235-  To  provide  better 
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rejection  of  the  U  238^  the  collector  bias  was  maintained  at  2.5  kv  positive 
rather  than  zero  as  for  the  previoxis  runs.  It  should  also  be  noted  that  the 
material  collected  dxirlng  this  separation  was  segregated  to  form  two  batches. 
Batch  (a),  consisting  of  material  that  adhered  to  the  collector,  showed  an 
enhancement  of  1,48.  Batch  (b),  the  loose  material  which  had  fallen  from  the 
liner  walls  and  grid  wires,  was  impoverished  in  U  235  as  would  be  e:q»ected. 
The  data  from  the  above  tests  are  summarized  in  Table  I, 

STZggested  Improvements 

A  number  of  modifications  of  the  cyclorator  were  proposed  during  the 
course  of  the  development  program*  Of  these,  two  are  reported  here  as  being 
of  possible  future  interest* 


Waveforms  for  Energy  Modulation*  As  has  been  discussed  earlier,  a 
sinxisoidal  modiilation  of  energy  results  in  a  maximum  of  5056  collection  of 
a  desired  isotope  by  a  single  collector*  A  type  of  energy  modxilation  that 
obviates  this  difficulty  is  described  below*  Assume  that  the  ions  are 


TABLE  I;  CYCLORATQR  SEPARATIOlf  RUH  DATA 
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accelerated  from  the  source  hy  a  large  steady  voltage  on  which  is  superposed 
a  small  sawtooth  variation  of  potential,  as  shown  in  Figure  12.  By  virtue  of 
the  time-of -flight  effect,  ions  of  different  mass  arriving  at  the  collector 
have  a  difference  in  energy  AV,  with  the  usual  time  difference  AE.  From  inspec¬ 
tion  ,  it  is  evident  that  voltages  and  times  are  related  by  AV/V  =  AD/T,  where 
T  is  the  repetition  time  of  the  sawtooth.  If  the  collector  is  biased  with  a 
sawtooth  potential  intermediate  between  the  energies  of  the  incident  ions, 
nearly  100^  collection  of  the  desired  isotope  should  be  possible.  By  further 
study  of  the  areas  of  the  waveforms  it  is  found  that  the  theoretical  enrichment 
of  the  method  is  (t  -  Ar)/AE,  and  since  a  practical  limit  on  AV/v  is  0.1,  a 
maximum  enrichment  of  9  might  be  expected. 


(a )  AT  SOURCE 


TIME  - ^ 

(b)  AT  COLLECTOR 


FIGURE  12.  SAWTOOTH  MODULATION 
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LIMITATIONS  OF  THE  CYCLORATOR 


In  principle,  the  time-of«f light  method  as  applied  in  one  or  more  of 
the  modulation  forms  of  the  cyclorator  appears  to  have  several  advantages 
over  the  calutron  for  isotope  separation#  Experimental  and  theoretical 
work  reveals  however  that  there  are  many  physical  restrictions  and  limitations 
that  make  separation  hy  the  cyclorator  very  sensitive  to  design  and  mode  of 
operation* 

The  expectation  that  a  wider  angular  divergence  of  the  beam  from  the 
source  could  he  collected  is  fulfilled,  of  coxarse*  The  principal  reason 
that  large  ion  beams  cannot  be  handled  in  either  device  is  that  time-dependent 
variations  in  potential  are  automatically  developed  in  the  separating  region 
as  the  beam  intensity  is  increased*  At  this  time  no  means  have  been  found  to 
combat  these  fluctuating  fields,  which  serve  to  distort  the  spatial  disposition 
of  the  ions  in  the  calutron»  or  the  transit  time  of  ions  in  the  cyclorator* 

The  fundamental  fact  is  that  an  electric  force  has  the  ability  to  change  the 
direction  of  ion  motion,  ot  to  change  the  time  required  to  traverse  a  given 
distance* 

Aside  from  the  above  rooner  intangible  factor,  separation  by  the 
cyclorator  is  strongly  influenced  by  the  following  effects: 

(a)  The  enrichment  drops  sharply  in  any  system  in  which  the  collector 
is  not  at  the  exact  360^  position*  This  introduces  the  practical  problems 
of  finding  available  space  for  accelerating  electrodes,  or  alternatively 
achieving  a  beam  spiral  by  auxiliary  deflecting  potentials  which  are  foreign 
to  those  used  In  the  basic  principle*  Farther,  valuable  process  tank  space 
Is  taken  by  these  spiral  orbits* 
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(b)  In  order  to  obtain  Mgh  purity,  it  is  necessary  to  apply  large 
bias  potentials  that  reject  the  bulk  of  the  desired  isotopes.  Although 
small  essentially  pure  saag^les  may  be  collected  in  this  way,  it  is  at  the 
expense  of  efficiency  of  the  process.  Further  electrical  separation  of 
the  rejected  mixtxire  of  isotopes  is  rendered  difficult  by  this  procedure. 

(c)  The  complete  isolation  of  a  desired  ion  type  from  the  undesired 
by  the  most  favorable  method,  sinusoidal  energy  modoilation,  could  be 
achieved  only  by  multiple  reflections  of  ions,  fromi  a  sequence  of  three 
collectors,  between  which  ion  losses  due  to  scattering  reduce  the  intensity. 
In  addition,  this  operation  is  effective  only  if  the  collector  grid  surface 
is  perpendicular  to  ail  entering  ion  reflections  and  if  the  decelerating 
electric  field  behind  this  grid  affects  all  ions  symmetrically.  These 
requirements  axe  incompatible  with  perfect  3^*  focusing,  even  in  theory. 

The  alternative,  saw~tooth  energy  modulation,  eliminates  the  necessary 
multiplicity  of  collectors  but  still  requires  a  360®  path  length.  Excluding 
■one  latter  difficulty,  the  maximum  enrichment  is  probably  around  10,  because 
of  the  inaccuracy  of  waveform  and  the  sensitiveness  of  collected  currents  to 
collector  potential. 
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COWCiLPSIOHS  AHD  RECOMMEKDATIOtB 

It  has  "been  shown  in  the  stiifly  of  the  eyclorator  principle  that  ion 
■beams  may  "be  successfully  direction-  and  energy-modulated  at  frequencies 
as  as  1.6  megacycles  per  second.  The  separation  of  the  isotopes  of 

uranium  'by  the  energy-modulated  eyclorator  has  "been  demonstrated  at  low 
beam  current.  She  enrichment  of  U  235  8°  o^btained  was  l.*»-8.  Although  in 
principle  perfect  separation  of  isotopes  in  one  stage  is  possible  by  this 
method,  it  has  been  found  that  resolution  is  extremely  sensitive  to  devi¬ 
ations  from  ideal  conditions,  all  of  which  are  difficult  to  satisfy 
simultaneously  in  a  practical  design. 

In  the  Judgment  of  those  familiar  with  both  the  eyclorator  and  the 
oalutron  the  two  devices  have  the  same  fundamental  limitations;  low  ion 
output  and  dispersal  of  beam  by  oscillatory  electric  fields  in  the  sepa¬ 
ration  region. 


It  would  appear  that  further 

investigation  of  the  eyclorator  be  deferred  until  the  fundamental  nature 
of  the  second  limitation,  beam  dispersal,  becomes  better  understood. 

It  is  recommended  that  the  time-of-flight  j^lnclple  be  considered  as 
s^llcable  to  a  precise  determination  of  isotopic  masses,  where  only  very 
small  currents  are  needed  and  the  ideal  requirements  can  be  very  closely 
approached. 


39 


ACCTOWLEnxaMElTS 


T«h»  collective  efforts  of  many  individuals  is  descrilied  in  this  report, 

W.  L.  Whitson,  vho  performed  the  first  experiment  on  time-of-flijdit  isotope 
separation  at  the  University  of  California  Radiation  Laboratory,  vas  instru¬ 
mental  in  introducing  the  method  at  Oak  Ridge  and  directed  a  portion  of  the 
research.  The  theoretical  calculations  vere  carried  out  by  R,  L,  Murray  and 
F,  M,  Rankin,  ■while  the  experimental  work  was  done  by  J.  Hammel,  J,  S,  Luce, 

R,  S,  Lord,  and  J.  A,  Jfertin, 

The  radio  frequency  equipment,  dc  power  srpplies  and  general  instrumen¬ 
tation  were  provided  by  A,  L,  Boch,  E,  D,  Hudson,  H,  C,  Hoy,  and  M,  L,  Winton, 

Source  design  and  construction  were  carried  out  by  J.  S»  Luce,  G«  F, 
Leichsenring,  J.  E,  Mann,  0.  D,  Matlock,  R,  G,  Reinhardt,  and  R.  W,  Wri^t. 

This  report  has  been  edited  by  F,  T,  Howard, 


4o 


AFPERDIX 


Ion  Focusing 

The  physical  hasis  for  the  use  of  a  ciirved  accelerating  slit  is  that 
ions  crossing  an  electric  field  which  is  directed  at  a  slight  angle  to  the 
tisual  beam  are  given  a  cooponent  of  velocity  parallel  to  the  magnetic  fields 
z-wiseo  They  preserve  this  speed  in  the  separating  region;  by  the  correct 
choice  of  the  slit  geometry  they  are  displaced  to  a  common  focal  pointer 
Figure  A 


Figure  A 


The  curvature  of  the  accelerating  slit  and  the  necessary  associated  thickness 
is  small,  as  shown  below^v  In  the  accelerating  gap  the  electric  field  direc¬ 
tion  is  continually  changing,  but  one  may  estimate  its  effect  on  the  ion  motion 
by  assuming  it  is  uniform  and  tilted  at  some  maximum  angle  Q  with  the  arc« 

The  maximum  possible  z  component  of  velocity  introduced  in  the  gap  is  approxi¬ 
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sin  d,  Xhe  transit  tloe  in  the  orbit  is  2icR/tz  ■  ZiCR 
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The  displacement  is  thus  S  =  2jtR  sin  0.  For  a  typical  case  of  S  =  4", 

R  =  17" j  Vq  =  36  kv,  the  maximum  angle  of  tilt  is  coasted  to  he  only  1.5*» 


Split  Accelerating  Electrode 

The  space  occt5)ied  hy  an  accelerating  electrode  that  periodically  deflects 
ions  in  the  z  direction  may  he  estimated.  Consider  the  simplified  geometry  in 
Figure  B,  in  idiich  focus  is  ignored,  and  a  steady  potential  difference  is 
applied  between  the  halves. 


The  z  component  velocity  produced  hy  the  electric  field  is  v^  =  (^)t, 

where  t  ^  v  cos'^  transit  time  in  the  gap  of  width  d,  and  sin4» 

The  displacement  in  traversing  the  heam  circumference  2jtR  is  S  =  v_  = 

A  A  ,  «R  VlD 

jtR  '  ;i'  ■__!  tim  <p»  In  terms  of  the  arc  length,  tan  (f  =  D/L,  or  S  = 


In  order  to  o*btain  a  1”  displacement  from  an  8”  arc  vith  say  k  kv  deflecting 
potential  (other  parameters  as  in  previoixs  exaxiple)  the  required  distance  D 
is  coK5>uted  to  he  about  1^9”  (^«8  cm)* 


Effect  of  Split  on  Beam  Energy 

In  the  cyclorator,  the  potential  between  the  two  halves  of  the  aceeleratine 
electrode  is  periodic  of  the  form  Visin  (dt ,  Even  though  all  the  ions  mast 
traverse  the  final  electrode,  the  potential  of  which  sets  the  beam  radius, 
their  velocity  in  the  plane  of  the  circular  orbit  will  be  dependent  on  time 
of  emission  from  the  source  because  of  the  variation  in  acceleration  during 
the  time  of  transit  through  the  system.  Consider  an  idealized  arrangement  as 
sketched  in  Figure  C.  This  slit  system,  in  which  the  tilt  of  the  slit  is 
neglected,  is  applicable  to  the  motion  of  an  ion  near  the  bottom  of  Figure 
Ihe  region  of  length  D  is  tahen  as  field-free* 


Figure  C 


If  the  gaps  labeled  d  are  lanch  saaller  than  the  "drift  tube"  length  then 
the  ion  energy  on  leaving  the  system  is  the  sum  of  the  incranents  in  the 
various  gaps 

E  =  V^e  +  Yj^e  sin  a)t  +  ^2  *  ^o  "  ^1  sln6>(t  +T^  e 

where  t:  is  the  transit  time  through  the  drift  tfiibe,  to  a  first  approximation 

equal  to  2—  ,  this  may  be  rearranged  to  yield  the  modulation  of  the  orbit  ion 
^o 
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For  exssxple,  with  =  4  lev,  D  =  ^^8  cm,  01=  lO'  sec  >  =  1*7  x  10  cm/sec, 

the  mayfumm  energy  modulation  is  confuted  to  be  7*8  kev*  A  similar  relation 
for  the  other  extreme  assumption  that  region  D  experiences  a  time  varying 
electric  field,  may  be  derived*  It  should  be  pointed  out  that  in  the  more 
precise  analysis  of  the  ion  motion,  evidence  is  found  of  a  severe  distortion 
of  the  energy-time  characteristic  from  a  sine  wave  into  a  double  valued  function# 
A  corollary  is  that  space  bunching  of  ions  would  be  predicted* 
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Effect  of  Energy  Modtilatlon  on  Mass  Separation 

If  there  Is  a  modulation  of  ion  energy  and  thus  beam  radius  the 

difference  in  arrival  times  of  ions  of  two  masses  at  a  collector  located 

at  an  angle  ec  from  the  ideal  360*  point  is  shown  below  to  be  markedly 

different  from  the  standard  relation, 

2«c  2it  dm 

Ihe  time  of  transit  in  general  is  given  by 
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where  x  is  the  distance  between  source  and  collector,  as  shown  ip  Figure  D  or 
since 
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Figure  D 

Evaluating  the  differential  of  considering  variations  in  enr  *gy  and  mass 
differences^  ve  obtain 

■dt  . -|s  d.  + ffi 


The  result  is  approximately 


Examination  of  this  es^ession  reveals  the  followings  Even  without  energy 

modTilatlon,  i.e.,  =  0,  there  is  a  correction  to  the  360*  time  of  arrival 

of  an  amount  .  This  error,  however,  can  he  conpensated  for  by  an  rf 
2vm 

fretjuency  adjustments  The  effect  associated  with  the  term  involving  energy, 

however,  -2.  M  ,  where  AE  will  range  from  zero  to  the  maximum  beam  energy 
2v  E  ' 

difference  cannot  be  so  treated.  The  condition  for  con^lete  ion  mixing  (I80* 

phase  shift)  is  that  for  which  the  energy  term  (using  the  peak  to  peak  energy 

variation  2  Ve)  is  exactly  eqsial  to  the  basic  time  difference  The 

maximum  angle  between  collector  and  soxirce  may  for  a  given  energy  modulation 

fraction  AE/e  can  thus  be  written 

g  _  M/m 
2*  "  Ve/E 

For  the  case  of  E  »  18  kev,  Ve  =  Y<,6  kev.  M/m  =  I/80,  we  find  =  0»029  or 
E  x=  17",  X  =  lo53".  This  limiting  dimension  is  already  smaller  than  the  1.9" 
required  to  achieve  the  direction  modulation  of  1"  that  was  assumed  to  be 
desirable.  The  possible  conqaromlses  in  dimensions  and  potentials  are  few  in 
nuniber  because  of  the  interrelation  of  variables.  From  the  equations  derived 
la  the  above  paragraphs  it  is  noted  that 
S  —  VjP 

and  for  «  S  ,  Ve  V^D.  Thus  the  resultant  energy  modulation  is 
2 

proportional  to  the  displacement  achieved.  If  V]^  and/or  D  are  reduced  to  the 
point  where  phase  shifts  do  not  disturb  ion  separation,  the  deflection  in  the 
z  direction  is  so  small  that  ions  are  not  resolved  physically. 
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